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(54) In-phase quadrature signal regeneration 

(57) The present invention relates to the regenera- 
tion of in-phase (I) and quadrature (Q) signals in elec- 
tronic devices commonly used in communication, radar 
and instrumentation electronics. The original signal of 
interest comprises two orthogonal components that are 
mathematically modelled using complex values, which 
are then decomposed into a real (I) and an imaginary 
(Q) component. These two components are orthogonal 
to each other and represent fully the signal of interest. 
The present method adaptively compensates for the 
gain and phase imbalances and DC offsets in I and Q 
signal regeneration. First. 3 phase shifted versions of 
the received signal, either down-converted to some 
intermediate frequency (IF) or at baseband, are digi- 
tised. Although the optimum phase shift between each 
version is 36073, any phase shift different than 0° and 
180° is acceptable and no a priori knowledge of the 
phase shifts is required. Based on these 3 digital signals 
representing 3 linear combinations of the l&Q signal 
components, the regeneration algorithm projects these 
signals into a 3-dimensional space composed of the I 
signal subspace. the Q signal subspace. and another 
subspace. referred to as the noise subspace. The pro- 
jection is performed using an eig en-decomposition 
method where the eigenvectors associated with the I 
and Q signal subspaces provide linear combination 
coefficients for regenerating the l&Q signals. Compen- 
sation for DC offsets is performed by removing an aver- 
age DC offset on the phase and gain corrected l&Q 



signals. The regenerated digital I and Q signals are then 
converted back to analog signals, when required. 
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Description 

Field of the Invention 

The present invention relates to communication signal processing. More specifically, the present invention relates 
mcSuSsfgS 0 ' n " PhaSe ^ qUadratUre Si9nal COmP ° nentS by «"^*>" receive.TdS" 

Background of the Invention 

n-JT comm "" ication i - radar or instrumentation applications, a receiver generates two orthogonal signal compo- 
nents of the received s.gn a i to ease recovery ot information contained within the received signal GeneraTy £?E> 
orthogonal baseband signals are generated from a incoming signa. having a centre frequent 7 ( 3Z ^ Tnl Te 

rooming s.gnai with a reference signal tuned to approximately a same CF. The in-phase ^ signal results from ml^o 
the .ncommg signal with the reference signal tuned to approximately a same CF and the quadrature (QJ^ignal Z2 
from m,xing the .ncoming signal with a version of the reference signal phase shifted by 90'. After mix ng the signals 1 

■Iter is used to remove undesired products of the mixing. Amplification is commonly used to adjust the fans' Canals' 
to suitable levels for further processing. J w signals 

h k ^ir 6 ^ 09 CirCU !! ry t0 Perf0rm the mixi " 9 - filteri " 9 and am P |if ication *» each of the I and the Q signal paths 

lit hli° f ,' ^ m3tCh betWee " f ° r Phase - 9ain and DC offsete - Consequently distoSnTai 

present between the I and Q signals resulting in distortion/corruption of information carried by the incoming s£naf For 
example phase imbalances between, gain imbalances between and DC offsets on the I and Q signals may affect date 
der.ved from these s.gnals resulting in errors in the derived data, .n order to minimise the effects o^ tnV SttSrtS 
tions on he integrity of the recovered information from the incoming signal, a method is required to con^ensatX S- 
curt imbalances between the paths and the DC offsets. compensate tor cir- 

In the past these problems were avoided by using stringent specifications on components, and by tuning the oaths 
to minimse .mbalances therebetween and DC offsets. This is therefore more prone toTgradation, 

rh«ril aP -f a V° ' 3d °, Si9nal reoeneration according to the prior art uses a six-port junction based direct receiver 

V*? r6Ce,Ver T Uan9 *"* 3 reCeiV6r and 3 tW °- tone Calibration technia - ue ^aNy devJopeWref lee 
tometry applications an mcoming signal is split into three separate signals and a fourth output port provkiesa sianal 

^SSX^SX^! Si9nal - 1,1686 ar6 th6n US6d for 9en6rati0n <* an ' <"*»nJS*£ 

signal The function of such a receiver requires that a incoming signal is split into three versions each phaselhrfted 

SIZ^T^^V 20 ^^ ^ teChnique haS ^—ts on the incoming sign^to perform 

its calibration and is computationally intensive for real time applications. perorm 

Object of the Invention 

The primary object of the invention is to provide a method for regenerating l&Q signals from an incoming siqnal in 
he presence of gam .mbalances, phase imbalances ad DC offsets in regeneration circuitry. The methc^s appfiwbe 
to signals either at baseband or at another centre frequency. applicable 

Another object of the present invention is to compensate in the receiver for signal distortion due to gain and phase 
imbalances in the generation circuit at a transmitter. H p 

Summary of the Invention 

«Jn n ^™ ^ invention - there is P rovided a method of in-phase signal regeneration and quadrature signal 

^ t^e Jeps of compensating for phase imbalances, gain imbalances and DC offsets, the method com?ris- 

receiving a signal; 

generating three digitised phase shifted versions of the received signal, the versions phase shifted one from the 
of sa'mpTes" am ° Unt ^ ° ' 8 ° de0reeS ' ***** 8h " ted Verei ° nS each """P"** a plralj 

determining from the samples a mean value for each signal, the mean values for compensating for DC offsets- 
ofth™^ 

projecting data derived from each of the three digitised phase shifted versions onto a two-dimensional signal sub- 
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space wherein samples from each digitised phase shifted version are multiplied by a determined coefficient and 
combined in a linear fashion. 

In accordance with another embodiment of the invention, there is provided a method of in-phase signal regenera- 
5 tion and quadrature signal regeneration, the method compensating for phase imbalances, gain imbalances and DC off- 
sets, the method comprising the steps of: 

receiving a signal; 

generating three digitised phase shifted versions of the received signal, the versions substantially similar to digi- 
io tised versions obtained by sampling three identical signals phase shifted one from the others by an amount other 
than 0 and 180 degrees; and, 

projecting data derived from each of the three digitised phase shifted versions onto a two-dimensional signal sub- 
space wherein data derived from each digitised phase shifted versions affects a resulting signal within each of the 
two dimensions of the subspace. 

75 

In accordance with another embodiment of the invention, there is provided a method of in-phase signal regenera- 
tion and quadrature signal regeneration, the method compensating for phase imbalances, gain imbalances and DC off- 
sets, the method comprising the steps of: 

so receiving a signal; 

generating a plurality of digitised phase shifted versions of the received signal, the versions phase shifted one from 
the others by an amount other than 0 and 1 80 degrees; 

generating a correlation matrix, the correlation matrix dependent upon the plurality of digitised phase shifted ver- 
sions; 

25 decomposing the correlation matrix to produce in-phase and quadrature regeneration coefficients; and 

applying the coefficients to the digitised phase shifted versions of the signal to extract in-phase and quadrature 
components of the received signal therefrom. 

In accordance with yet another embodiment of the invention, there is provided a method of in-phase and quadra- 
30 ture signal regeneration for use with one of a quadrature receiver and a quadrature transmitter, the method compensat- 
ing for phase imbalances, gain imbalances and DC offsets in the one of the quadrature receiver and a quadrature 
transmitter, the method comprising the steps of: 

receiving a signal; 

35 generating a plurality of digitised phase shifted versions of the received signal; 

processing the digital versions to determine linear regeneration coefficients; and, 

applying the determined linear combination coefficients to the digitised phase shifted versions to extract in-phase 
and quadrature signal components from the received signal. 

40 in an embodiment, processing the digital versions to determine linear regeneration coefficients comprises the 
steps of:: 

determining a correlation matrix of the digitised phase shifted versions over a set of samples of a predetermined 
size; 

45 determining a mean value of each digitised phase shifted version over the set of samples; 

determining eigenvalues of the determined correlation matrix; 

ranking the determined eigenvalues and selecting two of the eigenvalues; 

determining eigenvector components associated with the two selected eigenvalues; 

mapping the eigenvector components to regeneration coefficients; 
so determining the DC offset compensation coefficients using the regeneration coefficients; and, 

providing the coefficients as the linear combination coefficients. 

In a embodiment, applying the determined linear combination coefficients comprises the following steps: 

55 receiving the regeneration coefficients; 

multiplying samples from the digitised phase shifted versions with associated regeneration coefficients to produce 
results and summing the results to produce an estimate of samples of the in-phase and quadrature signal compo- 
nents; and 
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summing the DC compensation coefficients with the estimate of samples of the in-phase and quadrature signal 
components to produce samples of the in-phase and quadrature signal components. 

In accordance with another aspect of the invention, there is provided an in-phase and quadrature signal regenera- 
5 tion circuit for use with one of a quadrature receiver and a quadrature transmitter the circuit compensating for phase 
imbalances, gain imbalances and DC offsets in the one of the quadrature receiver and the quadrature transmitter the 
circuit comprising: 

an analog to digital converter for generating a plurality of digitised phase shifted versions of a signal received by the 
io quadrature receiver; 

a processor for processing the digital versions to determine linear regeneration coefficients and for applying the 
determined linear combination coefficients to the digitised phase shifted versions to extract in-phase and quadra- 
ture signal components from the received signal. 



75 Brief Description of the Drawings 

An exemplary embodiment of the invention will now be described in conjunction with the attached drawings, in 
which: 



Fig. 1 is a prior art method of generating in-phase and quadrature signal components from an incoming signal; 
Fig. 2 shows a prior art six-port junction based direct receiver; 

Fig. 3 is a simplified functional block diagram of the six-port junction based direct receiver of Fig. 2 and according 
to the prior art; 

Fig. 4 is a simpiH ied functional block diagram of a regeneration processor according to the invention; 

Fig. 5 is a functional block diagram of a receiver using the method according to the invention; 

Fig. 6 is a simplified flow diagram of a method according to the invention applied to a 5-port junction based direct 

receiver such as that shown in Fig. 5 where three phase shifted versions of the incoming signal are provided by the 

junction device; 

Fig. 7 shows a functional block diagram of the processing performed by the regeneration processor; and, 

Rg. 8 shows an application of the invention to a four-port junction based direct receiver where only two signals are 

used by a regeneration circuit. 



Detailed Description of the Invention 



35 While the invention is described herein for application as a communication receiver, the invention is not limited to 
that application. The invention is applicable in any field where a quadrature receiver is used. The primary use of this 
invention emphasised in the description hereinbelow is digital communication receivers and essentially zero-IF digital 
receivers. An example of another application of the invention is medical imaging. 

As described above, a common approach to generating two orthogonal baseband signals from an incoming signal 

40 having a centre frequency (CF) comprises mixing the incoming signal with a reference signal tuned to approximately a 
same CF, as shown in Fig. i. The in-phase (I) signal results from mixing the incoming signal with the reference signal 
tuned to approximately a same CF and the quadrature (Q) signal results from mixing the incoming signal with a version 
of the reference signal phase shifted by 90°. After mixing the signals, a fitter is used to remove undesired products of 
the mixing. Amplification is commonly used to adjust the I and Q signals to suitable levels for further processing. 

45 The basic structure of a prior art 6-port receiver is described with reference to Fig. 2. An RF modulated input signal 
of interest (RF signal) is fed to a port 1 of a six-port junction. A reference signal (LO signal), at a frequency close to a 
centre frequency of the RF signal, is fed to another port 2 of the receiver from a signal generator 10. Signals provided 
at each of three of the output ports 3, 4, 5 are vector sums of the two input signals with a total phase difference between 
each of them of 120°. A signal provided at a fourth output port 6 is proportional to the LO signal. These four output sig- 

so nals are fed to square-law diodes 1 1 , power detectors, to produce baseband signals and are then filtered and amplified 
with filters and amplifiers 12 and sampled to form digital signals using analog to digital converters 13. Optionally, sepa- 
rate filters and amplifiers are used. The filtering is required to prevent anti-aliasing . After digitising the signals, the four 
digital signals are fed to an l&Q signal regeneration processing unit 15. The regeneration function entails determination 
of regeneration coefficients from a set of samples and application of these coefficients to incoming samples to produce 

55 two baseband signals in quadrature - in-phase and quadrature signals. Then, normal demodulation circuitry is applied. 
The six-port junction is realised in one of several fashions. Fig. 3 shows a functional block diagram of a six-port 
junction. Many topologies may be used to implement this functionality. In this example, a phase difference between a 
vector sum of the RF and LO signals at ports 3,4 and 5 is nominally 120°. 
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Design constraints include a need for a 120° phase difference, ideally, between the three output ports; minimum 
attenuation of the RF and LO signal components; and good isolation between the reference output port (Port 6) and the 
RF signal input port. These constraints are difficult to meet. Commonly, fabrication imperfections introduce errors and 
the constraints are, thereby, not met. Because the main use of 6-port junction devices is in reflectometer applications 
as a basic instrument to measure impedance, there is a need to calibrate such a 6-port junction. Several calibration 
techniques are known. 

The present invention addresses the compensation of phase imbalances, gain imbalance and DC offsets in l&Q 
regeneration circuits. The method and circuit for carrying out the method allow for relaxed specifications for front-end 
electronic circuitry. One use of the present invention is in a multi-port junction based direct receiver for communication 
applications having 4 or more ports. 

Referring to Fig.4, there is shown a basic element to regenerate in-phase and quadrature signal components of an 
incoming signal. First, the incoming signal is split into three paths A4> 0( A<hand A<t> 2 . each path resulting in a different 
phase shift of the incoming signal r(t). The amount of phase shift between each phase-shifted signal must be different 
than 0° and 1 80° and. optimally, is approximately 1 20° for the three signal paths. The phase-shifted signals are digitised 
using an analog to digital converter 31 and samples of each are provided to a processor 32. The samples are used to 
determine regeneration coefficients. Once these coefficients are determined, they are passed to a regeneration circuit 
33 where the coefficients are applied to samples of the phase shifted versions of the signal r(t) in order to extract l&Q 
signal components therefrom. Optionally, the regeneration coefficients are updated regularly to compensate for 
changes due to time or temperature induced variations. In some cases, updating of the regeneration coefficients is 
unnecessary; when unnecessary determining the regeneration coefficients is performed once during the initial setup 
of the receiver. 

The processor 32 determines the regeneration coefficients using an eigen-decomposition method. The samples of 
the three signals A<t> 0 A<t> 1( and Afe provided by the analog to digital converter (A/D) 31 are designated x,(n) % s (i=1,2,3) t 
at time nT s where T s is the sampling period. The processor 32 operates on M sets of signal samples in performing the 
determination of the regeneration coefficients. There are constraints on correlation between samples. For example, for 
a signal corrupted by additive white Gaussian noise (AWGN). the sets of samples are sometimes contiguous in time; 
however, when the process corrupting the samples has memory, the samples should preferably be more spaced in 
time. The number M of sets of samples is not extremely large. Under low signal-to-noise ratio (SNR) (typically 4 dB) for 
a signal corrupted by AWGN, it was found in experiments that a value of M of approximately 10,000 was sufficient. For 
a SNR of 8-9 dB, a value of M around 1,000 was used. Because, according to the invention, calculations are performed 
recursively, the number of sets of samples has little impact on hardware requirements for the processor 32; however, in 
some instances it does impact processing delay of the system. In some applications, a trade-off between performance 
and processing delay is evaluated to determine an optimum implementation. 

The recursive computation of the correlation matrix Rp(n) is performed according to the following equation: 



x 2 (n) 



(x 1 (n)x 2 (n)x 3 (n)) 



with the initial value: 



45 



R D dh 



x 2 (1) 



(X 1 (1)X2( 1 )X 3 ( 1 )) 



50 



The mean values are computed recursively as follows: 



mi(n) = ^— m f (n-1) + 1 x,(n) 



i=1,2,3 



with 



m f (1)n Xf (1) 
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After having gathered M sets of samples, eigenvalues of Rq(M) are determined as follows: 



10 



where 

75 



20 



25 



30 



35 



> M = 2 .Vpcos(e)~ 



x 2 = 2 • 3 7p cos(e + 120)~ 



X 3 = 2 • 3 7p COS(0 +.240)— 
o 



„2 

C l 2 3 1 

P =- — + c 2 ; q= — d -§0^2 + 03 
c i = '(^1 + r 22 + f^) 

C 2 = ( f 11 / 22 + r 11 r 33 + f 22 r 33) * < r 23 + r l2 + 'll ) 
C 3 =*(^11 ^22^3 + r i2 A 23 /r 3l + ^13^32 ^l) + ( r i1 ^23 + r 22 f tl + r 33 r 12 ) 



and r, y is an element of fl D fMJ in a i* 1 row and a j m column. 
Eigenvalues are ranked such that: 



k 1 < A 2 < X 3 



When DC components in the three signals fed to the analog to digital converter are not present and/or have been 
removed, then eigenvectors associated with the two largest eigenvalues are determined. Otherwise, eigenvectors asso- 
40 dated with the two smallest eigenvalues are determined. Denoting a eigenvector associated with a eigenvalue a as 
v j=( v ji>Vj2' v j3) .tor y=l ,2; the following relations result: ; 



45 



J- 



1 + 



z 2J + 



3; 



50 



55 



Jl + zlj + zlj 



'3;' 



I 2 2 

V 1 + 2 2y +z 3; 



where 



BNSDOCin <-CD r»o„o«A 



6 



EP 0 884 836 A1 



, _ 1 f ir ;\ ^l3(( f irV( f 22-^)- 

•2j~ 7 M'n* . 

12 1 f 12 f 23- f 13( f 22-^/) 



( f n-^y)( r 22- ^y)-^12 
z 3; = : 

r l2 r 23" r 13( r 22* ,fc y' 



io a/s and £?/'s (/= 1,2,3) are mapped to i/y/s as follows: 

a i =v 11 : a 2 = v 21 ;33 = V 31 
b 1 = V 12 i b 2 = v 22 *3 = v 32 

The remaining two coefficients are determined as follows: 
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20 
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N 



a 0 = -£ 3 i m i (M) 



1*1 



where N is the number of phase shifted versions of the received signal. N=3 for a five-port junction receiver as 
described herein. 

Using the determined linear combination coefficients, samples of the I and Q signals are generated using the fol- 
30 lowing relations: 

N 



N 



Q(n) = b 0 +'£b i x i (n) 



These coefficients are updated on a continuous basis or established once during initial setup of the receiver. In the 
latter case, initial gain, phase, and DC offset characteristics of the front end receiver circuit are maintained. Any fluctu- 
ations in gain imbalances, phase imbalances and DC offsets occurring after the coefficient calculations are reflected in 
the regenerated I and Q signal samples and. where generated, in the regenerated 1 and Q signals because of a linear 
45 relationship between the three input signals and the I and O output signals. 

Preferably, when the coefficients are updated periodically, a smooth transition occurs from one set of coefficients 
to a next set of coefficients in order to prevent large phase, gain and DC offset discontinuities in resulting I and Q sig- 
. nals. Although there are many ways a transition is smoothed, a simple linear interpolation between a current set of coef- 
ficients and a new set of coefficients performed over a few tens of sample periods is often acceptable. 
so More sophisticated methods of transition smoothing is used to minimise spurious results from application of the 
method of the invention when required. For example, a least-mean square adaptive algorithm is used to indirectly per- 
form eigen decomposition and to derive two projection vectors that project a vector of samples of multiple phase shifted 
signal versions onto a two-dimensional signal subspace comprising a subspace for a in-phase signal component and a 
subspace for a quadrature signal component. This procedure updates the coefficients continuously. The procedure has 
55 an inherent coherency since the coefficients are derived from the previous values by adding a small correction attrib- 
uted to the new measurements. This inherent coherency eliminates phase, gain and DC offset discontinuities. 

An embodiment is shown in Fig.5 for 5 ports. A signal generator 50 provides a reference signal at a centre fre- 
quency of an incoming signal r(t) to a port 2 of the receiver. The incoming signal r(t) is provided to a port 1 of the 
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receiver. Three signals are provided one at each of three output ports 3, 4, and 5. The signals are shifted in phase rel- 
ative to each other. Of course, this requires shifting at least two of the signals in phase. Since samples of the phase 
shifted signals are desired, shifting of phase for the sampled signals may occur before, during, or after sampling. 

These output signals are fed to power detectors 51, resulting in a zero-IF or near zero-F replica of the signal r(t). 

5 Output signals from the detectors are amplified and filtered at amplifiers and filters 52 and provided to an analog-to-dig- 
ital (A/D) converter 53, which samples the signals to generate digital versions of the three, filtered and amplified signals. 
The digital samples are then linearly combined in a processor 55 resulting in samples representative of the in-phase 
and quadrature signal components of the incoming signal r(t). I and O signal sample regeneration comprises a step of 
combining the samples resulting from the analog to digital conversion in a linear fashion in order to determine quantised 

io samples of the I and Q signal components for use by the demodulator 57 to determine output data bits. The linear com- 
bination coefficients are determined by the processor 34 based on sets of digital signal samples gathered at least once, 
and potentially periodically. Eight coefficients are determined for use in the I and Q signal regeneration circuit. Accord- 
ing to the invention, coefficients are determined tor compensating for phase imbalances, gain imbalances and DC off- 
sets in the three output signals provided from the five-port junction based direct receiver. 

is In-phase and quadrature signal components of an incoming signal are determined by a linear combination of three 

phase shifted versions of the received signal. The combination is according to the following formulae: 



20 



/ = B r 



N 

Q - 1> o + £ 

/-I 

25 

where the x/s (/= 1.2.3: for N=3) are samples of phase shifted versions of the incoming signal. a 0 and b 0 provide com- 
pensation for DC offsets, and a/s and b-s (i=l.2,3 for N=3.) compensate for the phase and gain imbalances. The 
description herein, except when stated otherwise, relates to a five-port junction based receiver and therefore N is 3 in 
so the equations above. 

Linear combination coefficients, a, and bj, are calculated from samples of the incoming signal. M sets of samples 
(x f {n) t i*1,2,3, n=l f 2.... t M) are gathered to calculate the linear combination coefficients (a>, b h i=0 f l,2,3). The M sets 
of samples are used to calculate a correlation matrix R D either recursively or directly. A mean of each signal 
i=l,2,3) is calculated and eigen values (A„ i=1 f 2,3) of R D are computed. The eigenvectors associated with the' two 
35 smallest eigenvalues are then computed, normalised and scaled. The elements of these two eigenvectors correspond 
to ay's and b-s (i=1,2,3) for use in regenerating the l&Q signals. The DC offset compensation coefficients are then 
determined using the following equations: 



AO 



/»1 



45 



birri, 



Fig. 6 shows a simplified flow diagram of calculation steps for calculating the regeneration coefficients. Often, it is 
sufficient to perform the calculations with twice as much accuracy as that of the sampling analog to digital converter; for 
example, when using 8 bit samples, it is preferable to use 16-bit accuracy in calculations. In a first step, sample si2e is 
specified, memory is initialised, and parameters are set. when necessary. This initialises the system for coefficient gen- 
eration. 

Then samples are gathered from each of the phase shifted signals. Of course, shifting of phase for the sampled 
signals is performed in any of numerous fashions. For example, the signal is split into three identical copies, which are 
phase shifted differently and then sampled. Alternatively, sampling is performed on a single signal at intervals, which 
result in three or more sampled signals each having a phase offset from the other sampled signals. 

The samples are then used to update the correlation matrix and the mean of each of the three or more signals. 
When the number of samples is M, the number for generation of new coefficients, then the eigenvalues are determined 
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and an eigenvector is formed as described above. DC offsets ao and 5q are computed and the sample counter is reset. 
Then the I and Q signal sample regeneration is performed according to the above noted equations. When the number 
of samples is less than M, the I and Q signal sample regeneration is performed according to the above noted equations 
and the sample counter is incremented. 

£ Fig. 7 shows a functional block diagram of I and Q signal sample regeneration once the coefficients are known. The 

processing is easily implemented using digital hardware. Alternatively, an analog processor is used. 

Preferably, there are 3 phase shifted versions of the received signal as are provided, for example, by a five-port 
junction. Though receivers with more than 5 ports function correctly, analysis shows little or no improvement in the 
resulting in-phase and quadrature signals using a receiver with more than 5 ports over receivers having 5 ports. Further, 

io under certain conditions, acceptable performance is obtained with two phase shifted versions of the received signal as 
are obtained, for example, using a four-port junction. When the frequency conversion is made using detector diodes as 
in the junction based receiver shown, amplitude modulation present on a desired signal ad on any adjacent signals is 
folded into the desired signal band. According to the present invention where a receiver has more than 4 ports, removal 
of amplitude modulation noise results. When there is no amplitude modulation on the desired and adjacent signals, the 

is regeneration method requires only two baseband phase shifted versions of the received signal without loss of perform- 
ance. Therefore a receiver with 4 ports functions adequately for some applications. 

The use of at least three phase shifted versions of the received signal is required when the received or any adjacent 
signals have amplitude modulation, and this modulation is not desired - the signals are brought to baseband using a 
direct receiver approach. The new method based on three phase shifted versions of the received signal allows the 

so removal of the amplitude modulation noise introduced within the signal band. When there is no amplitude modulation 
noise or when it is considered negligible, use of two phase shifted versions of the received signal according to the inven- 
tion is useful. Using a 4-port junction based direct receiver, hardware and processing are simplified as illustrated in Ra 
8. 

Here, only two output signals, xrfn) and x 2 (n), are provided by the receiver at ports 3 and 4. For a even sample set 
25 size M. a correlation matrix is determined recursively as follows: 




30 



with an initial value: 



35 




Then a DC offset for each signal, the mean value of the samples, is computed using: 



40 



,i=1.2 



45 with an initial value 



.i-1.2 



After gathering M sets of samples, the correlation matrix 



50 




55 



is determined and two eigenvalues 
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are determined. Then the coefficients are computed using the following equations: 

l'i 2 l 



a, = 



*2 



74 


+ ( A i * 
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where | • | denotes absolute value. The DC offset coefficients are determined as follows: 

30 a 0 = -[a,m^{M) + a 2 m 2 (M)] 

b Q = -[b,m,(M) + b 2 m 2 (M)) 

which is in accordance with the above equation. The regenerated signals are determined using a specific form of the 
35 above noted general equations: 

l(n) = 80+8! x^nj + ag x 2 (n) 

Q(n) = b 0 + b 1 x 1 (n) + b 2 x 2 (n) 

Thus, though amplitude modulation noise is not removed, the method is applicable using a four-port junction based 
direct receiver. Of course, where amplitude modulation noise exists, an implementation using three or more phase 
shifted versions of the received signal is preferred. 

Numerous other embodiments are envisioned without departing from the spirit or scope of the invention. 

Claims 

1 . A method of in-phase signal regeneration and quadrature signal regeneration, the method compensating for phase 
imbalances, gain imbalances and DC offsets, the method comprising the steps of: 

50 

receiving a signal; 

generating three digitised phase shifted versions of the received signal, the versions phase shifted one from 
the others by an amount other than 0 and 180 degrees, the digitised phase shifted versions each comprising 
a plurality of samples: 

55 determining from the samples a mean value for each signal, the mean values for compensating for DC offsets: 

determining from the samples a plurality of coefficients for use in mapping the three digitised phase shifted ver- 
sions of the received signal into at least two dimensions; 

projecting data derived from each of the three digitised phase shifted versions onto a signal subspace having 
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at least two dimensions wherein samples from each digitised phase shifted version are multiplied by a deter- 
mined coefficient and combined in a linear fashion. 

2. The method of claim 1 wherein the step of determining coefficients comprises eigen decomposition of a correlation 
£ matrix related to the incoming signal. 

3. The method of claim 1 comprising the step of generating an in-phase and a quadrature signal from the transformed 
vector data using a digital to analog converter. 

w 4. A method of in-phase signal regeneration and quadrature signal regeneration, the method compensating for phase 
imbalances, gain imbalances and DC offsets, the method comprising the steps ot: 

receiving a signal; 

generating three digitised phase shifted versions of the received signal, the versions substantially similar to 
'5 digitised versions obtained by sampling three identical signals phase shifted one from the others by an amount 

other than 0 and 180 degrees; and. 

projecting data derived from each of the three digitised phase shifted versions onto a signal subspace having 
at least two dimensions wherein data derived from each digitised phase shifted version affects a resulting sig- 
nal within each of the at least two dimensions.of the subspace. 

20 

5. The method of claim 4 wherein the three versions are baseband versions of the received signal, the versions sub- 
stantially similar to digitised baseband versions obtained by sampling three identical baseband signals phase 
shifted one from the others by an amount other than 0 and 180 degrees. 

25 6. The method of claim 4 wherein the data derived from each of the three signals is assembled into a vector compris- 
ing a sample from each digitised phase shifted version and wherein the step of projecting comprises the step of 
transforming the vector. 

7. The method of claim 6 comprising the step of generating an in-phase and a quadrature signal from the transformed 
30 vector data using a digital to analog converter. 

8. A method of in-phase signal regeneration and quadrature signal regeneration, the method compensating for phase 
imbalances, gain imbalances, the method comprising the steps of: receiving a signal; 

35 generating a plurality of digitised phase shifted versions of the received signal, the versions phase shifted one 

from the others by an amount other than 0 and 180 degrees; 

generating a correlation matrix, the correlation matrix dependent upon the plurality of digitised phase shifted 
versions; 

decomposing the correlation matrix to produce in-phase and quadrature regeneration coefficients; and 
4 ° applying the coefficients to the digitised phase shitted versions of the signal to extract in-phase and quadrature 

components of the received signal therefrom. 

9. The method of claim 8 wherein the step of decomposing the matrix is performed using eigen decomposition. 

45 10. A method of in-phase and quadrature signal regeneration for use with a quadrature receiver, the method compen- 
sating for phase imbalances and gain imbalances in one of the quadrature receiver and a quadrature transmitter, 
the method comprising the steps of: 

receiving a signal; 

so generating a plurality of digitised phase shifted versions of the received signal; 

processing the digital versions to determine linear regeneration coefficients therefrom; and, 
applying the determined linear regeneration coefficients to the digitised phase shifted versions to extract in- 
phase and quadrature signal components from the received signal. 

ss 1 1 . A method as defined in claim 1 0 wherein the step of processing the digital versions to determine linear regeneration 
coefficients therefrom is performed in the absence of a ether set of samples relating to a reference signal. 

12. A method as defined in claim 10 wherein the step of generating a plurality of digitised phase shifted versions of the 
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received signal .s performed, where the plurality is N, by mixing the received signal with a reference signal to pro- 
duce a baseband signal and sampling the baseband signal at a sampling rate of N times a sampling rate for sinqle 
sampled signal, and where each Nth sample is a sample of a same digitised phase shifted version. 

13 atiTe1y h0d ^ Cl3 ' m 10 wherein the step of determining linear regeneration coefficients is performed iter- 

14. A method as defined in claim 10, wherein the step of processing the digital versions to determine linear reoenera- 
tion coefficients comprises the steps of : 

determining a correlation matrix of the digitised phase shifted versions over a set of samples of a predeter- 
mined size; 

determining a mean value of each digitised phase shifted version over the set of samples; 
determining eigenvalues of the determined correlation matrix; 
75 ranking the determined eigenvalues and selecting two of the eigenvalues; 

determining eigenvector components associated with the two selected eigenvalues; 
mapping the eigenvector components to regeneration coefficients; 

determining the DC offset compensation coefficients using the regeneration coefficients; and, 
providing the coefficients as the linear combination coefficients. 
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15. A method as defined in claim 14 wherein the two smallest eigenvalues are selected in the presence of substantial 
DC component 

16. A method as defined in claim 14 wherein the two largest eigenvalues are selected when the DC component is nea- 
25 ligible. y 

17. A method as defined in claim 14, wherein the step of processing the digital versions to determine linear regenera- 
tion coefficients comprises the steps of: 
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determining a correlation matrix of the digitised phase shifted versions over a set of samples of a predeter- 
mined size; 

determining a mean value of each digitised phase shifted version over the set of samples; 
determining eigenvalues of the determined correlation matrix; 
ranking the determined eigenvalues and selecting two of the eigenvalues; 
determining eigenvector components associated with the two selected eigenvalues; 
mapping the eigenvector components to regeneration coefficients; 

determining the DC offset compensation coefficients using the regeneration coefficients; and, 
providing the coefficients as the linear combination coefficients; and wherein the step of applying the deter- 
mined linear combination coefficients comprises the following steps: 

receiving the regeneration coefficients; 

multiplying samples from the digitised phase shifted versions with associated regeneration coefficients to 
produce results and summing the results to produce an estimate of samples of the in-phase and quadra- 
ture signal components; and 

summing the DC compensation coefficients with the estimate of samples of the in-phase and quadrature 
signal components to produce samples of the in-phase and quadrature signal components. 

18. A method as defined in claim 10, wherein the step of applying the determined linear combination coefficients com- 
prises the following steps: 

receiving the regeneration coefficients; 

multiplying samples from the digitised phase shifted versions with associated regeneration coefficients to pro- 
duce results and summing the results to produce an estimate of samples of the in-phase and quadrature sianal 
components; and y 

summing the DC compensation coefficients with the estimate of samples of the in-phase and quadrature signal 
components to produce samples of the in-phase and quadrature signal components. 

1 9. An in-phase and quadrature signal regeneration circuit for use with a quadrature receiver, the circuit compensating 
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for phase imbalances and gain imbalances in one of the quadrature receiver and the quadrature transmitter, the 
circuit comprising: 

an analog to digital converter for generating a plurality of digitised phase shifted versions of a signal received 
5 by the quadrature receiver; 

a processor for processing the digital versions to determine linear regeneration coefficients and for applying 
the determined linear combination coefficients to the digitised phase shifted versions to extract in-phase and 
quadrature signal components from the received signal. 

w 20. A circuit as defined in claim 19 comprising a five-port junction for receiving a signal received by the quadrature 
receiver, for receiving a reference signal and for providing three baseband signals relating to the received signals, 
each baseband signal shifted in phase from the others. 

21 . A circuit as defined in claim 1 9, wherein the processor comprises means for performing the steps of: 

determining a correlation matrix of the digitised phase shifted versions over a set of samples of a predeter- 
mined size; 

determining a mean value of each digitised phase shifted version over the set of samples; 
determining eigenvalues of the determined correlation matrix; 
20 ranking the determined eigenvalues and selecting two of the eigenvalues: 

determining eigenvector components associated with the two selected eigenvalues; 
mapping the eigenvector components to regeneration coefficients; 

determining the DC offset compensation coefficients using the regeneration coefficients; and, providing the 
coefficients as the linear combination coefficients. 
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